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The sudden appearance of fossils that marks the so-called 'Cambrian explosion' has intrigued and exercised biologists since Darwin's time. In On the Origin of Species, Darwin made it clear that he believed that ancestral forms 'lived long before' their fi rst fossil representatives. While he considered such an invisible record necessary to explain the level of complexity already seen in the fossils of early trilobites, Darwin was at a loss to explain why there were no corresponding fossils of these earlier forms. In chapter 9 of the Origin, entitled 'On the imperfection of the geological record', he emphasized the 'poorness of our palaeontological collections' and stated categorically that 'no organism wholly soft can be preserved'. Fortunately much has been discovered in the last 150 years, not least multiple examples of Cambrian and Precambrian soft-bodied fossils. We now know that the sudden appearance of fossils in the Cambrian (541-485 million years ago) is real and not an artefact of an imperfect fossil record: rapid diversifi cation of animals coincided with the evolution of biomineralized shells. And although fossils in earlier rocks are rare, they are not absent: their rarity refl ects the low diversity of life at this time, as well as the low preservation potential of Precambrian organisms (see Primer by Butterfi eld, in this issue).
Evidence of Cambrian diversity in the 1970s, Jack Sepkoski painstakingly tabulated the ranges of different taxonomic groups through the fossil record, revealing patterns of diversity through geological time. He used the theory of island biogeography, formulated by Robert MacArthur and E.O. Wilson in their 1967 book, to explain the Cambrian explosion. He predicted that global diversity would rise exponentially following the origin of animals until it reached a constant equilibrium. Sepkoski's plot of the fossil record of taxonomic orders of marine animals strongly mimicked the predicted trajectory, but the rise of
The Ediacaran Period
Darwin's dilemma regarding the absence of Precambrian fossils was not resolved until the 1940s when a diversity of large animals of Ediacaran age (635-541 million years ago) was discovered in South Australia, providing spectacular evidence of life prior to the appearance of the fi rst shells. The fossils were fi rst thought to be Cambrian -the presence of large organisms earlier was not considered plausible. More than 100 Ediacaran genera are now known from sites all over the world, on every continent except Antarctica (Figure 1) .
Most of the classic Ediacaran fossils are preserved in fi ne sandstones and silts. Microbial mats covered the sea fl oor in Ediacaran times and sealed the sediment surface. The fossils survived as impressions where the sediment immediately adjacent to a carcass became cemented by rapid precipitation of minerals. This type of preservation, together with their unfamiliar morphology, makes it diffi cult families is more complex and Sepkoski explained the pattern as a product of the radiation of separate 'evolutionary faunas'. The Cambrian fauna was dominated by families of ecological generalists, such as trilobites, brachiopods and stem echinoderms. The succeeding Paleozoic fauna was characterized by more specialized groups -echinoderms, graptolites, ostracod crustaceans and coralsand reached a much higher maximum diversity in the Ordovician. In effect, the major body plans or phyla were established during the Cambrian explosion and marine animal diversity reached a 'plateau' in the Ordovician, a steady state which was impacted by extinctions but only seriously disrupted by the enormous mass extinction at the end of the Permian, which defi nes the end of the Paleozoic. Although later compilations of diversity through time have refi ned this picture, the general pattern of rapid diversifi cation in the Cambrian and Ordovician remains valid. 
Creatures of the Cambrian
Our picture of marine diversity through geologic time is based mainly on the relatively continuous fossil record of animals with shells. However, some 19 (~60%) of the ~33 phyla recognized today lack readily preserved hard parts and are soft-bodied. Exceptionally preserved Cambrian fossil deposits, such as the famous Burgess Shale, yield examples of 14 of the 19 soft-bodied phyla. If today's representatives provide a reliable guide, the small size and fragile nature of members of the other fi ve mitigated against preservation, except in unlikely contexts, and explain why they appear much later in the fossil record: the earliest examples of rotifers and platyhelminthes, for example, are found in amber. Shelly fossils reveal the steep rise in diversity that is the Cambrian explosion, but the full cast of characters is seen only in settings that preserve evidence of soft-parts. Cambrian marine communities were dominated by arthropods, including trilobites, and by sponges, which together accounted for more than half the species. Other invertebrates included annelids (polychaetes), brachiopods, hemichordates and priapulids; rare chordates were also present, including some interpreted as fi sh. This Cambrian world has become familiar through reconstructions of sea fl oor communities fossilized in the middle Cambrian Burgess Shale of Canada and the early Cambrian Chengjiang localities in China. In his book Wonderful Life, Stephen Jay Gould referred to Wiwaxia, Hallucigenia, Opabinia and Anomalocaris (Figure 2) as 'weird wonders', visual evidence of the rapid morphological evolution (disparity as opposed to diversity) that took place during the Cambrian explosion. Disparity certainly increased at a rapid rate, but estimates have shown that the volume of morphospace -based on character distributions plotted in multidimensional space -fi lled by the explosion was not very different to that occupied by marine life today. It appears that evolution during the Cambrian rapidly exploited the potential range of form, and subsequent diversifi cation was subject to similar limitations as today. The affi nities of some of the Cambrian creatures that were dubbed 'weird wonders' are still debated but phylogenetic analyses have shown that most of them are much less weird than fi rst thought -they do not represent extinct higher taxa, but are early offshoots of the lineages leading to modern groups. Hallucigenia, Opabinia, and Anomalocaris, for example, lie on the stem leading to modern arthropods.
Fossilization during the Cambrian
The Cambrian is remarkable compared to younger geological periods for the large number of marine deposits that yield soft-bodied fossils -there are more than 50 exceptional preservations (Konservat-Lagerstätten, conservation deposits) similar to the Burgess Shale. This fortunate circumstance means that we have an unusually complete window on the marine forms that evolved at this critical juncture in the history of animal life -during the Cambrian explosion. The abundance of exceptional preservations was a conundrum until investigations of the chemistry of the associated sedimentary rocks provided a possible explanation. Sulfate concentrations may have been low in the Cambrian oceans, suppressing decay bacteria in sediments. More importantly, perhaps, Cambrian sea water was unusually high in alkalis, which promoted early consolidation of the sediment, sealing off buried carcasses. The chemistry of the Cambrian oceans apparently favored exceptional preservation across the globe.
Various arthropods from the Cambrian of China have recently been shown to preserve evidence of the brain and nervous system, which (Figure 4) , allows the age of branching points to be estimated and provides clear evidence of the Cambrian explosion.
Although the fossil record is silent on mechanisms to explain how morphology could have evolved so rapidly, developmental biology investigates how genetic mechanisms affect body plans. Evolutionary developmental biology (evo-devo) may provide clues to how such a remarkable range of morphology evolved so quickly, at least in organisms amenable to experimental manipulation.
Where is the Cryogenian record?
The fossil record is incomplete, particularly among taxa without biomineralized 'hard' parts. However, ages based on the molecular clock (Figure 4 ) closely match those of the earliest fossil representatives, providing independent confi rmation of a rapid metazoan radiation. But the molecular clock yields dates for Current Biology 25, R845-R875, October 5, 2015 ©2015 Elsevier Ltd All rights reserved R867 basal branching events in metazoan phylogeny that signifi cantly predate the earliest fossils -the origin of sponges and cnidarians, as well as the ancestral bilaterian, plunge into the Cryogenian (850-635 million years ago), more than 650 million years ago, around the time of the global glaciation known as the Sturtian. While these three animal groups are represented in the Ediacaran, convincing examples have yet to be discovered in older rocks, yielding a gap of ~100 million years. These earliest metazoans are likely to have been rare, small and soft bodied. Sponges might be expected to yield fossils of their spicules, but they might not have had a biomineralized skeleton until the early Cambrian, when most other metazoans evolved hard skeletons. There is, however, evidence of sponges, at least, in older rocks: the biomarker 24-isopropylcholestane (known as 24-ipc), which occurs only in demosponges, is abundant in rocks more than 700 million years old and body fossils of sponge-like forms have recently been reported from China (600 million years old) and Australia (>635 million years ago).
Setting off the explosion
The drivers behind the Cambrian explosion were varied and complex, and there is no simple explanation of either the timing or ecological mechanism involved. The rise of oxygen levels in the earth's atmosphere and oceans has often been implicated in initiating rapid diversifi cation. A recent study of polychaete feeding strategies in modern environments suggests that there may be a direct link between critical oxygen thresholds, the rise of larger carnivores, and the evolution of complex food webs. The abundance and diversity of carnivorous polychaetes today is greater where oxygen levels are higher. The rise of carnivorous predators in the Cambrian may have promoted new defense strategies with a consequent elaboration of food webs. Rapid biodiversifi cation was no doubt also boosted by the animals themselves and their impact on the environment, in a kind of ecosystem engineering. The disappearance of the microbial mats that covered the Ediacaran sea fl oor was associated with the rise of grazing invertebrates, which opened up the Fossil evidence for the diversifi cation of major animal groups based on fi rst appearances of taxa during the Cambrian explosion, overlain by a metazoan phylogeny with branch lengths calibrated using a molecular clock approach (after Erwin et al. 2011). sediment to burrowers. This invasion of the sediment introduced oxygen to the substrate which was then colonized by a diversity of infaunal animals. The rise of zooplankton allowed particles to sink to the sea fl oor as fecal material which signifi cantly augmented the nutrient supply. Such increases in environmental complexity during the Cambrian may well have resulted in a proliferation of diverse ecological strategies that were not present earlier.
Until recently many of the unusual life forms of the Cambrian were assumed to have been lost long before the end of that period (485 million years ago). Recent discoveries of exceptionally preserved fossils near Zagora in Morocco, however, have provided dramatic evidence that a number of iconic Cambrian animals, such as anomalocaridids (Figure 5 ), persisted into the Ordovician (485-444 million years ago). Conditions in part of the sedimentary sequence known as the Fezouata formations clearly favored the preservation of soft-bodied fossils. Not only are creatures, such as marrellomorphs, present that would look perfectly at home in a Cambrian assemblage, so too are animals such as horseshoe crabs that were previously thought to appear only much later. Deposits like the Fezouata formations, which preserve soft-bodied fossils, are important to understanding the great Ordovician biodiversifi cation event, the rapid diversifi cation within the major animal groups that followed the Cambrian explosion and heralded the origins of elements of the modern fauna.
Conclusion
The Cambrian fossil record shows that the major body plans which are familiar today were established early. But deposits, such as the Burgess Shale, also preserve animals that appear alien to our eyes. Such extinct forms are a critical component of phylogenetic analyses that explore the early evolution of major groups. They are complemented today by analyses of gene sequences from living animals. In this way, understanding the Cambrian explosion has become an interdisciplinary endeavor. Phylogenies calibrated by fossil occurrences allow molecular clocks to estimate the timing of branching even where fossil evidence is wanting. And in due course, experiments on the role of control genes in the development of animals from embryo to adult may provide clues to how all the major animal groups evolved in a relatively short time during the Cambrian explosion. 
R868
